Successful development of seeds under spaceflight conditions has been an elusive goal of numerous long-duration experiments with plants on orbital spacecraft. Because carbohydrate metabolism undergoes changes when plants are grown in microgravity, developing seed storage reserves might be detrimentally affected during spaceflight. Seed development in Arabidopsis thaliana plants that flowered during 11 d in space on shuttle mission STS-68 has been investigated in this study. Plants were grown to the rosette stage (13 d) on a nutrient agar medium on the ground and loaded into the Plant Growth Unit flight hardware 18 h prior to lift-off. Plants were retrieved 3 h after landing and siliques were immediately removed from plants. Young seeds were fixed and processed for microscopic observation. Seeds in both the ground control and flight plants are similar in their morphology and size. The oldest seeds from these plants contain completely developed embryos and seed coats. These embryos developed radicle, hypocotyl, meristematic apical tissue, and differentiated cotyledons. Protoderm, procambium, and primary ground tissue had differentiated. Reserves such as starch and protein were deposited in the embryos during tissue differentiation. The aleurone layer contains a large quantity of storage protein and starch grains. A seed coat developed from integuments of the ovule with gradual change in cell composition and cell material deposition. Carbohydrates were deposited in outer integument cells especially in the outside cell walls. Starch grains decreased in number per cell in the integument during seed coat development. All these characteristics during seed development represent normal features in the ground control plants and show that the spaceflight environment does not prevent normal development of seeds in Arabidopsis.
INTRODUCTION
Because plants could serve as a central component for a controlled ecological life support system (CELSS ; Olson, Oleson and Slavin, 1988) for humans during extended space habitation, basic research on their development under spaceflight conditions has been a topic of continued interest. Reproduction by higher plants has been investigated by Soviet scientists on Salyut 6 and 7 (Merkys et al., 1981 ; Merkys and Laurinavichyus, 1983 ; Kordyum, Sytnik and Chernyaeva, 1983) and in their orbital space station Mir (Mashinsky et al., 1994) for extended periods of several months. More recently US scientists have performed detailed studies on the reproductive stage of plants using short-term exposure (1-2 weeks) to spaceflight on the space shuttle orbiter (Kuang et al., 1995 b ; Kuang, Musgrave and Matthews, 1996) . In early experiments by the Soviets, experimental plants usually died during extended vegetative growth. A relatively common point in the life cycle for death to occur was at the onset of flowering (for reviews, see Dutcher, 1984, 1987) . For example, peas and wheat grown in ' Oasis ' (a controlled environment chamber used on Salyut 6) died at the flowering stage (Gorkin, Mashinsky and Yazdovsky, 1980) . Cowles et al. (1984) described the reduced vigour of oat, mungbean and pine seedlings in the US Plant Growth Unit on the shuttle orbiter during STS-3. Difficulties encountered in supplying suitable environmental conditions for plant growth in space have been mentioned as possible sources for the depression in vigour and developmental problems often observed in spaceflight.
On the other hand, reproductive events in angiosperms have a number of stages which could potentially be influenced directly by gravity. Pollen and embryo sac development, pollination, fertilization and embryogenesis are all complex developmental events. It is important to separate the possibility of a direct effect of microgravity on seed production through a developmental lesion and a secondary effect possible through microgravity-effected changes in the microenvironment of the plant which would be mediated through a physiological event (Musgrave and Strain, 1988) . For example, we found that early reproductive events in Arabidopsis thaliana were aborted during spaceflight exposure in closed plant growth chambers (Kuang et al., 1995 b) , but that extra carbon to the plants through media supplementation and enrichment of the gas headspace with carbon dioxide could allow all steps of early reproductive development to occur normally (Kuang et al., 1996) . Very low foliar carbohydrate levels in the spaceflight material from the first experiment suggested that the absence of convective air movement in a microgravity environment might have limited the availability of carbon dioxide for photosynthesis. In a third spaceflight experiment using Arabidopsis, a circulating supply of cabin air into the growth chambers allowed all processes including pollination and fertilization to occur normally (Kuang, Musgrave and Matthews, 1995 a) , permitting the continued study of embryo and seed development. The availability of Arabidopsis seeds that had been formed under spaceflight conditions allowed us to perform the developmental study described below. Arabidopsis thaliana was used previously by Soviet scientists to investigate the ability of plants to produce seeds in space. In the many attempts made to achieve successful flowering and seed set, the plants often died at a stage before flowering (Merkys et al., 1981) . Flowering and seed formation were reported in Arabidopsis during a 1982 Salyut 7 mission, but the seed production was low compared to that on Earth, and many of the seeds showed reduced germination upon return to Earth (Merkys and Laurinavichyus, 1983 ). Therefore our purpose was to perform a detailed developmental study comparing the course of seed development in spaceflight material with material developing on the ground. Since previous studies (Johnson and Tibbitts, 1972 ; Volkmann, Behrens and Sievers, 1986 ; Musgrave et al., 1994) had indicated that carbohydrate and protein levels were altered in plants by spaceflight exposure, we have given special emphasis to the deposition of these storage reserves during seed development.
MATERIALS AND METHODS
Arabidopsis thaliana (L.) Heynh. var. ' Columbia ' seeds were surface sterilized and grown on nutrient agar medium in 7-ml polycarbonate centrifuge tubes following the same procedures as in two previous experiments on the space shuttle (Kuang et al., 1995 (Kuang et al., b, 1996 . Plants were 13 d old when they were loaded into sterile plant growth chambers approximately 18 h prior to launch. Phosphate buffer and bicarbonate as a Warburg solution (Umbreit, Burris and Stauffer, 1957) were added to the supporting foam to maintain humidity and provide enrichment of carbon dioxide (8000 ppm) (Kuang et al., 1996) in the event of a failure of the Air Exchange System (see below) during flight. Six plants were loaded into each of five plant growth chambers. The Plant Growth Unit (PGU) flight hardware was equipped with an air exchange system which functioned to provide a slow exchange of chamber air with filtered air from the cabin (Krikorian and Levine, 1991) . This unit provided continuous light (67 µmol m − # s − ") and temperature control between 21n0 and 28n0 mC. A continuous light regime was chosen in order to optimize the rate of plant development in these short-term experiments. Temperatures in each chamber were monitored by thermistor probes and recorded during flight. This information was subsequently used to set the temperature regime for the ground control plants, which were grown in the PGU inside the Orbiter Environmental Simulator at Kennedy Space Center and processed separately from the flight material. The plants were 14 d old at time of launch of STS-68 (Endeavour) in Sep. 1994 ; the elongating stem was just emerging from the rosette and no floral buds were visible.
The flight hardware was retrieved from the orbiter 3 h after the end of the 11-d mission. Post-flight gas samples (1 ml) drawn from the chambers prior to opening were not significantly different from the ground control in carbon dioxide (302p43 ppm) or ethylene (below 100 ppb) levels when analysed by gas chromatography. Flight and ground control plants were removed from the chambers and divided into parts depending upon the purpose of study. Siliques at different developmental stages were selected for the present study on seed development. Young siliques and ovules (immature seeds) dissected out of siliques were fixed (in 2 % glutaraldehyde and 1 % paraformaldehyde in 0n1  phosphate buffer, pH 7n0) overnight at 4 mC. After being washed with the same buffer, materials were dehydrated in an ethyl alcohol series, infiltrated and embedded in L. R. White resin. Embedded ovules were sectioned with a DuPont Sorvall microtome. Sections 1µm thick were stained with 1 % toluidine blue O (TBO) in 2 % sodium borate for general tissue staining, periodic acid-Schiff's reagent (PAS) reaction for polysaccharides, and 1 % aniline blue-black in 7 % acetic acid for gross protein. Sections were observed and photographed using a Nikon light microscope.
For quantification of starch grains, photographs of sections were counted, and the results were analysed by analysis of variance (ANOVA) using Number Cruncher Statistical Software (Hintze, 1987) .
RESULTS

Embryo de elopment
Microscopic observation shows that siliques harvested from both flight and ground control Arabidopsis plants contain embryos at different developmental stages, including some that are fully developed. Since no difference in embryo development between the flight and the ground control plants was observed, embryo development in the ground control plants will not be presented here.
Representative samples of different stages of embryo development in the flight plants are shown in Fig. 1 . In a young silique, embryos had developed to a late globular stage ( Fig. 1 A) . The embryo consists of an embryo proper and a suspensor which connects and fixes the embryo proper to the ovule wall. By the time a globular embryo forms, protoderm is present over the surface of the embryo proper. Cells of the protoderm are isometric and vacuolated. Internal cells of the embryo proper are thin-walled and variable in shape. No starch grains are present at this stage. During subsequent growth, the cells become more vacuolated in the middle of the embryo proper, whereas the cells at the chalazal side remain in a meristematic state and form an apical meristem. Increase in cell number by division at the margins of the apical meristem leads to the initiation of cotyledons ( Fig. 1 B) . Cells in these regions are small and densely cytoplasmic. Ground meristem cells are differentiated, each with a relatively large vacuole and small amount of cytoplasm. Continuing division of cells within F. 1. All photographs were taken from sections which are 1 µm in thickness and stained with aniline-blue-black and periodic-acid Schiff's reagent. Representative embryos at different developmental stages in Arabidopsis plants grown under spaceflight conditions on STS-68. A, Late globular or transition stage. en, Endosperm ; ep, embryo proper ; s, suspensor ; h, hypophysis cell ; arrowheads, protoderm. i552. B, Cotyledon initiation stage. Arrows, cotyledon primordia ; en, endosperm. i276. C, An early linear cotyledon stage. ax, Hypocotyl axis ; c, developing cotyledon ; ra, radicle apical meristem. i276. D, Late linear cotyledon stage. c, Cotyledon ; en, endosperm ; hy, hypocotyl. i276. E, Curled cotyledon stage. c, Cotyledon ; r, radicle. i138. F, Mature embryo. c, Cotyledon ; r, radicle. i138.
these margins leads to two elongated cotyledons (Fig. 1 C) . The radical meristem organizes and increases in cell number so that a hypocotyl axis elongates (Fig. 1 C) . Procambium differentiates in the hypocotyl region. Starch granules appear in the ground tissue of the hypocotyl at this stage. Cotyledons continue to elongate through an increase in cell number and size. Cells in the ground tissue become highly vacuolated whereas cells at the tips of the cotyledons remain meristematic (Fig. 1 D) . The zone between the cotyledons and the hypocotyl grows differentially on one side by cell division and elongation so that cotyledons bend toward the micropyle side (Fig. 1 E) . Starch grains increase in number and accumulate in all tissues of the embryo at this stage. Procambial tissue appears to have differentiated with elongated cells obvious in the radicle. At this stage the radicle has distinct regions, including the root tip, meristematic region, and an elongation zone. Mature embryos also developed during the 11-d mission (Fig. 1 F) . Those embryos have fully developed cotyledons that bend 180m so that their tips are adjacent to the radicle tip. In cotyledons, cells of primary ground tissue are vacuolated, and small starch grains are present in the cytoplasm, whereas cells in the protoderm are smaller and rich in storage proteins, compared to cells in other regions (Fig. 2 A) . Cells in the F. 2. All photographs were taken from sections which are 1 µm in thickness and stained with aniline-blue-black and periodic-acid Schiff's reagent. Aniline-blue-black stain stained protein blue and periodic-acid Schiff's (PAS) reaction indicates polysaccharides by a magenta colour. Embryo at maturity. i592. A, B, and D, from one embryo (see Fig. 1 F) . F. 3. All photographs were taken from sections which are 1 µm in thickness and stained with aniline-blue-black and periodic-acid Schiff's reagent. Aniline-blue-black stain stained protein blue, and periodic-acid Schiff's (PAS) reaction indicates polysaccharides by a magenta colour. Portion of a seed in ground control plants. i592. A., Seed coat is covered with an entire layer of polysaccharide (magenta colour ; small arrows). Cells of inner layer of integuments (in) are almost empty but contain small starch grains (magenta dots). Large protein mass accumulates in aleurone layer (blue stain, large arrows). Protoderm (arrowheads) of cotyledon contains more protein than ground meristem cells. B, Cotyledon of mature embryo, showing abundant protein deposits in the adaxial protoderm (arrowheads) of the cotyledon.
region between cotyledons and hypocotyl contain a large mass of storage proteins (Fig. 2 B) . In a radicle at the cotyledon curling stage, starch grains accumulated in all cells except provascular tissues (Fig. 2 C) . Tissues, including protoderm, primary ground tissue, and procambial tissues are well differentiated. In a radicle of a later developmental stage, aniline blue-black stains more intensely, indicating greater protein deposition at seed maturity (Fig. 2 D) . The development of embryos in the ground control plants is similar to that in the flight plants (data not presented F. 4. All photographs were taken from sections which are 1 µm in thickness and stained with aniline-blue-black and periodic-acid Schiff's reagent. Aniline-blue-black stain stained protein blue, and periodic-acid Schiff's (PAS) reaction indicates polysaccharides by a magenta colour. Seed coat development and cytochemical localization. Developmental stages are arranged from early to late in order from top to bottom. in, Integument ; em, endosperm ; arrow, pigment layer ; arrowheads, aleurone layer. i592. A, At the youngest stage, large starch grains (magenta dots) are present in the integument, in which cell walls are thin and cytoplasm is less densely stained. The endothelium layer contains aniline blue-black-stained substances. B, Polysaccharides (magenta colour) began to be deposited in the outer layer of the integument. More pigment (yellow-brown) is deposited in the endothelium layer and the aniline blue-black reaction decreases. Endosperm cells still contain large nuclei and dense cytoplasm. C, Starch grains increase in number in the integument and a more intense PAS reaction is visible in the outer layer of the integument. Starch is deposited in the endosperm. D, PAS positive substances are abundant in the outer layer of integuments. Starch grains Fig. 1 here). In a mature embryo, a large amount of protein is deposited in the cotyledons, especially in the protoderm of cotyledons (Fig. 3 A, B ).
T  1. Starch deposition in cells of the seed coat at the different de elopmental stages shown in
The endosperm
Free nuclear endosperm was observed at the earliest embryo developmental stage (not shown). Endosperm becomes cellularized at the stage when an early globular embryo forms, and these endosperm cells contain dense cytoplasm. Endosperm cells increase in number by division, and then increase in size. Thus the cytoplasm is highly vacuolated, and the nucleus occupies a small volume of the cytoplasm at this stage. When the embryo develops to a late globular stage (Fig. 1 A) , the endosperm stops growing and the growing embryo pushes the endosperm against the ovule wall ( Fig. 1 B, C) . The endosperm cells are digested and compacted in a thin layer by the time an embryo reaches maturity. Numerous starch grains accumulate in the thin layer of endosperm (Fig. 2 C) . At embryo maturity, only one or two layers of endosperm cells are left to form an aleurone layer. A large quantity of storage protein is deposited in the aleurone layer, whereas starch grains decrease in size and number in the aleurone (Fig. 3 B) .
The de elopment of seed coat
The development of the seed coat in the flight material is similar to that seen in the ground control. A seed coat develops from integuments which, in the young ovule, consist of two cell layers comprising the outer integument and one layer, the inner integument (Fig. 4 A) . Outer integument cells contain large starch grains and have thin cell walls. Inner integument cells are long and flat in shape, and starch grains are rarely observed. Next to the inner integument is a layer of endothelium, which is a cell layer surrounding the embryo sac. The epidermal layer of the have decreased in number in the inner layer of the outer integument. The endosperm has been pushed against the seed coat by the growth of the embryo. E, PAS positive substances form an entire layer covering the seed. Starch grains in the inner layer of the outer integument are fewer and smaller. The endothelium is almost completely pigmented. The endosperm has become thin and protein (blue mass) is deposited in the outer layer of the endosperm to form the aleurone layer.
outer integument contains a small amount of cytoplasm, a large vacuole, and starch granules (Fig. 4 A) . With the development of an ovule, the epidermal layer of the outer integument has thick deposits of polysaccharides showing positive reaction with PAS (Fig. 4 B) . The deposition of polysaccharides within the cells increases with the developmental stage (Fig. 4 C) . At a later developmental stage, increased amounts of polysaccharides push the cytoplasm against the inner tangential wall (Fig. 4 D) , and finally occupy almost the entire volume of the cells (Fig. 4 E) . Cytoplasm is rarely observed in late stages in the epidermal layer. Therefore, the mature seed is enveloped by a cell layer consisting of polysaccharides. The inner layer of the outer integument consists of cells with large starch grains and relatively little cytoplasm. These cells retain their structure until the ovule matures. A large number of starch granules are present in the outer and inner layers of the outer integument at the young embryo stage. They increase in number before the cotyledon elongation stage and then decrease in number and in size at embryo maturity (Table 1 , Fig. 4 E) . By the time that polysaccharides occupy the entire volume of the epidermal cells of the outer integument, starch grains are rarely observed (Fig. 4 E) . The inner integument contains larger cells than the outer integument. These cells are highly vacuolated and relatively little cytoplasm containing tiny starch grains was observed (Fig. 4 B) . With embryo growth, cells are compressed and finally disintegrate, leaving a narrow and empty gap (Fig.  4D, E) . The endothelium consists of cells with relatively dense cytoplasm at the young ovule stage before embryo development (not shown). Only a few small starch grains were observed (Fig. 4 A, B) . Cytoplasm of endothelium cells degraded and pigments were deposited in the cells during seed development (Fig. 4 B-F) . Therefore, a seed coat of a well-developed seed consists of two cell layers of the outer integument (i.e. one thick-walled cell layer containing polysaccharide and the other thin-walled cell layer con-taining starch grains), a compressed inner integument layer, a pigmented endothelium layer, and an aleurone layer. These features in development, structure, and composition of the seed in Arabidopsis plants under spaceflight conditions do not show differences from the ground control plants.
DISCUSSION
Given the constraints of a short time frame, reproduction proceeded normally through an immature seed in Arabidopsis on STS-68. This is the first report of successful plant reproduction on the Space Shuttle. In comparison to the success on STS-68, the earlier failures point to the importance of enhancing gas exchange for plants growing in the spaceflight environment. In the absence of buoyancydriven convective air movement, there is a limitation on the rate of movement of metabolic gases. Evidence of such a limitation (hypoxia) was found in the roots of STS-54 plants . Previous reports also mentioned alteration of carbohydrate metabolism in plants growing in microgravity (Johnson and Tibbitts, 1972 ; Volkmann et al., 1986) . In our previous spaceflight experiment, providing the plants extra carbon through medium supplementation and carbon dioxide enrichment of the atmosphere allowed early reproductive development to occur normally (Kuang et al., 1996) . Flow-through of filtered cabin air was necessary for reproduction to proceed through pollination, fertilization, and early seed development (Kuang et al., 1995 a) . We speculate that the lowered humidity provided by the flow through system allowed anthers to discharge pollen onto the stigmatic surfaces, which was the point at which the process failed in the sealed chambers supplemented with carbon dioxide (Kuang et al., 1996) . With the availability of longerduration missions, it should be possible to explore seed-toseed cycling in more detail on the shuttle and later on the Space Station.
Arabidopsis thaliana plants produced immature seeds during an 11-d mission on spaceflight STS-68. The seed consists of a predehydrated seed coat and a fully developed mature embryo. The epidermal layer of the seed coat is filled with PAS positive substances, probably polysaccharides. PAS positive staining has been described for pectin and cellulose substances secreted through dictyosome vesicles during seed development in Brassica (Esau, 1976) . The cells filled with polysaccharides swell when in contact with water and this may be beneficial to seed germination. Starch grains are relatively stable during seed coat development and decrease in number and size before seed dehydration in Arabidopsis.
The endosperm initially is a free-nuclear type and then becomes cellularized (Mansfield and Briarty, 1990 a, b) . The free-nuclear endosperm was observed at the young embryo developmental stage. Endosperm became cellularized at an early globular embryo stage both in the spaceflight and the ground control plants. By the globular stage, the cellularized endosperm adjacent to the embryo proper began to be compressed by the growing embryo. Endosperm was compressed by the growing embryo into a thin layer to form an aleurone layer. A large amount of protein and small starch grains accumulate in the aleurone layer at seed maturity. All these characteristics of the seed in the spaceflight plants are similar to features of the seeds in the ground control material.
The mature embryos observed in the flight plants developed two complete cotyledons, a well differentiated radicle, and shoot apical meristem. These organs have differentiated protoderm, ground meristem, and procambial tissues. Starch grains appear in the protoderm and inner tissues of radicle in an embryo at a linear cotyledon stage (Fig. 1 D) . reported that at this developmental stage, cotyledons began to ' green ' in their analysis of living embryos. Protein reserves accumulate mostly in the cotyledons and increase noticeably at embryo maturity (Fig. 2 A-D) , whereas starch grains increase to their maximum at the bending stage (Figs 1 E and 2 C) and then decrease in number (Table 1 ). This observation is consistent with the previous report (Mansfield and Briarty, 1991 b) . These reserves may provide some of the energy supply required during seed germination. All these characteristics, including embryo structure and reserve deposition indicate that seeds from spaceflight plants are viable.
The embryo differentiation in Arabidopsis thaliana follows the classical Capsella variation of the Onagrad type . Although the early development of the embryo has not been described in the present study, it appeared to proceed exactly as in the ground-grown plants (West and Harada, 1993) . The developmental stage of the oldest embryo in spaceflight plants is equivalent to the embryo 144-168 h (6-7 d) after fertilization in wild type Arabidopsis thaliana grown in a normal environment (Mansfield and Briarty, 1991 b) . The globular embryo presented in this study, occurs approximately 48-60 h after fertilization. According to the description of flower development in Arabidopsis by Smyth, Bowman and Meyerowitz (1990) , some flower primordia would have been initiated before launching, and in some older flowers stamens might have differentiated. However, meiosis would not have started in these flowers. Meiosis, sperm and embryo sac formation, fertilization, and embryo or seed development, were all successfully completed under spaceflight conditions during the 11-d mission. Furthermore, embryo development stages are the same as in the ground control plants, and the premature seeds produced in the spaceflight have the same normal structure as groundgrown plants. This indicates that microgravity did not prevent normal reproductive development, or that embryo development in Arabidopsis is preprogrammed and was not interrupted by microgravity. However, interpretation of seed quality is beyond the scope of this work because seeds did not reach full maturity during the 11-d mission. Seed quality and gene expression after exposure in microgravity during subsequent generations will be taken up in our future studies.
